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ABSTRACT
We explore the induction of circular polarization (CP) of near-infrared light in star-
forming regions using three-dimensional radiative transfer calculations. The simula-
tions trace the change of Stokes parameters at each scattering/absorption process in
a dusty gas slab composed of aligned grains. We find that the CP degree enlarges
significantly according as the size of dust grains increases and exceeds ∼ 20 percent
for micron-size grains. Therefore, if micron-size grains are dominant in a dusty gas
slab, the high CP observed around luminous young stellar objects can be accounted
for. The distributions of CP show the asymmetric quadrupole patters regardless of
the grain sizes. Also, we find that the CP degree depends on the relative position of
a dusty gas slab. If a dusty gas slab is located behind a star-forming region, the CP
reaches ∼ 60 percent in the case of 1.0 µm dust grains. Hence, we suggest that the
observed variety of CP maps can be explained by different size distributions of dust
grains and the configuration of aligned grains.
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1 INTRODUCTION
Recent observations show that circular polarization
(CP) of near infrared-light exists around young stellar ob-
jects (YSOs; e.g., Fukue et al. 2010; Kwon et al. 2013, 2014,
2016, 2018). In many cases, the observed CP maps exhibit
a quadrupole pattern. Although the degree of CP is at a
level of . 3 percent in most of the cases, a few YSOs show
CP higher than 10 percent. In particular, the star-forming
region NGC6334-V exhibits ∼ 20 percent CP (Kwon et al.
2013). However, the origin of such high CP has not revealed.
It is argued that interstellar circularly polarized light
could be responsible for the enantiomeric excesses of bio-
logical molecules (Bailey et al. 1998). The homochirality of
biological molecules on the Earth is a long-standing mystery.
In modern astrobiology, seeking for the origin of homochiral-
ity in space is a significant theme. It is reported that various
amino acids exist in meteorites, and also, the enantiomeric
excesses of L-amino acids are detected in the Murchison and
Mukundpura meteorites (Engel & Macko 1997; Pizzarello
& Yarnes 2018). It has been hitherto proposed that amino
acids were formed in interstellar space and delivered onto the
Earth by meteorites (Bonner 1991). As suggested in Bailey
et al. (1998), CP of interstellar radiation could break down
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the symmetry of chiral amino acids efficiently, resulting in
the enantiomeric excess.
Previous works have shown that CP can be produced
by the scattering from non-spherical dust grains (Gledhill
& McCall 2000; Wolf et al. 2002). Lucas et al. (2005) ar-
gued that the high degree of CP than ∼ 20 percent cannot
be produced by single-scattering. Therefore, the dichroic ex-
tinction has been frequently considered as the origin of CP
(e.g., Kwon et al. 2013). However, their analyses have been
made for limited physical conditions of dust grains. There is
a wide range of physical conditions, e.g., different grain sizes,
dust distributions around a YSO, and so on. In particular,
dust grains larger than 0.75 µm have not been considered in
the previous works.
Recent observations suggest that dust grains grow
through accretion and coagulation in high-density regions
near massive stars and reach micron size (Pagani et al. 2010;
Steinacker et al. 2010). If the dust size is close to the wave-
lengths of photons, the change of polarization on scattering
becomes significantly different from that in cases of smaller
grains. However, CP in the environment with such large dust
grains has not been investigated. Therefore, in this Letter, we
study the generation of CP for a wide range of grain sizes
by three-dimensional radiative transfer simulations. Espe-
cially, we concentrate on the impacts of grain sizes on the
degree and pattern of CP. Also, we explore the dependence
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Figure 1. Schematic view of our radiative transfer calculation:
(a) the spatial positions of the radiation source, the dusty gas
slab, and the observer; and (b) definitions of angles related to
single scattering. The vector ®a1 and l represent respectively the
direction of the dust minor axis and the distance between the
star and the dusty gas slab. In the fiducial model, we set the star
in the center of the slab as l = 0. In the panel (b), Θ and (θ, φ)
represent the opening angle between the incident light and the
minor axis of the dust grains and the scattered direction (see,
Draine & Flatau 2013).
of CP on the spatial distributions of aligned grains around
a star-forming region.
2 NUMERICAL METHOD
We develop a numerical code for calculating radiation
transfer of the Stokes parameters based on the Monte Carlo
technique. Here, we consider the near-infrared wavelength
of λ = 2.14 µm, in which the high degree of CP is detected
in observations (Kwon et al. 2013). We set a circular slab
of dusty gas with a radius of 1 pc and a thickness of 0.2 pc
near a massive star. In this Letter, we study the generation
mechanism of high CP degree with this idealized setup. Note
that, in reality, the spatial distribution of dusty gas around
a star can be complicated with clumps, holes, and shell-like
structure.
In a fiducial model, the star is located in the center
of the slab. To study the impact of the relative position
between the star and the dusty slab, we consider the cases
in which the dusty slab is placed at 0.1 pc behind or in front
of the star (Fig. 1-a). The number density of dust grains
is set as the scattering optical depth along the horizontal
direction is unity at λ = 2.14 µm. If the optical depth is
larger than unity, the number of multiple scattering photons
increases. In this case, due to mismatch of the sign of CP,
the CP degree is likely to be decreased. Here, photon packets
are emitted from the star and assumed to be unpolarized
initially. For the radiative transfer calculations, the dusty
slab is divided by 300 × 300 × 60 cells.
In the transport of a photon packet, the path length
from a scattering position to next scattering one is evaluated
by the optical depth that is stochastically determined by
τ = − ln(R), where R is the random number in the range of
0−1. We pursue 107 photon packets, which can satisfactorily
reduce the shot noise from the random number.
Each photon packet has information of the Stokes vector
I = (I,Q,U,V)T. The transformation of the Stokes vector in
one scattering event is determined by the Mu¨ller matrix as
(e.g., Bohren & Huffman 1983),
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where k and r are the photon wavenumber and the distance
from the scattering point. Using Equation (1), the differen-
tial cross section for scattering is estimated as
dCsca
dΩ
=
1
k2
(S11I + S12Q + S13U + S14V)
I
. (2)
We obtain the cross section by integrating Equation (2) with
respect to solid angle Ω. The direction of scattering light is
stochastically chosen based on the phase function obtained
from Equation (2). Note that the Stokes parameters (Q and
U) depend on the coordinate. In Equation (1), the direction
of the linear polarization of (Q,U) = (1, 0) corresponds to the
plane which contains incident and scattering directions. We
also include the absorption of photons estimated as (e.g.,
manual for RADMC-3D, Dullemond et al. 2012),
d
ds
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where Ih = (I + Q)/2 and Iv = (I − Q)/2. In Equation (3),
αh and αv are absorption coefficients for the horizontal and
vertical polarization light for the scattering plane, and αuv =
(αh + αv)/2.
We evaluate the Mu¨ller matrix using the DDSCAT code
(Draine & Flatau 1994), where dust grains are represented as
an array of electric dipoles. Given that a dust grain is much
smaller than the wavelength of incident light (2piad  λ), the
electromagnetic field in the dust grain can be understood as
the behavior of a couple of dipoles along intersecting axes at
right angles on a plane perpendicular to the incident light,
i.e., Rayleigh approximation. On the other hand, according
as the grain size increases, the interaction among multiple
dipoles leads to the complicated phase distributions of cir-
cular polarization. In this case, the polarization of scattered
light is given by superposition of electromagnetic waves from
all dipoles. We discrete the opening angle Θ with 91 bin,
and the scattered angles (θ, φ) with 1024 bin (see Fig. 1) by
HEALPix (Go´rski et al. 2005).
In this study, we assume dust grains of oblate spheroids
with the axial ratio of 2:1. The oblate dust grains are pre-
ferred rather than prolate ones, and this axis ratio is similar
to that was suggested for the aligned interstellar dust grains
(Hildebrand & Dragovan 1995; Whitney & Wolff 2002). The
dust grains are placed as the minor axes of grains are aligned
with the radial direction of the dusty slab. In diffuse in-
terstellar medium, dust grains larger than ad ∼ 0.04µm
are aligned (Kim & Martin 1995; Andersson et al. 2015).
The CP degree is mainly generated by the larger grains
(ad = 0.1 µm) in this study, and thus we adopt this simple
assumption. We use the dielectric function of astronomical
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silicate (m = 1.7 + 0.034i, Draine 2003b) to calculate the
Mu¨ller matrix.
The size distributions nd of dust grains in the diffuse
interstellar medium is often modeled as the MRN mixture
(nd ∝ a−3.5d ) in the range 0.005µm 5 ad 5 0.25µm, where
ad is the grain size (Mathis et al. 1977). Around YSOs, on
the other hand, the size distributions can differ from the
MRN model because the grain size increases via metal ac-
cretion and coagulation (e.g., Ormel et al. 2009; Hirashita &
Li 2013). The mid-infrared scattered light from dense cores
in star-forming regions suggests that there are micron-sized
dust grains (Pagani et al. 2010; Steinacker et al. 2010). How-
ever, the grain size distributions around YSOs are still un-
clear. Here, we employ three models with a single size of 0.1,
0.3 or 1.0 µm as well as the MRN mixture case in the size
range of 10−3µm 5 ad 5 1µm. In this work, the grain size
is defined as ad = (3V/4pi)1/3, where V is the volume of the
oblate dust. The dust grains are assumed to be composed of
dielectric materials. We note that the albedos for ad = 0.1,
0.3 and 1.0 µm are 0.1, 0.7 and 0.9.
Finally, we construct the observational images on the
screens in arbitrary directions using the Stokes vectors at
scattering points. For the purpose, we solve the radiative
transfer to the observer as (e.g., Yajima et al. 2012)
Iob = Isc exp [−(τab + τsc)], (4)
where Iob and Isc are the Stokes vectors at the observer
and at a scattering point, τab and τsc are the optical depths
of absorption and scattering from the scattering point to
the observer. By integrating the Stokes vectors calculated
in Equation (4), the polarization map is built up. In this
work, the propagation angle of photon packets to the exter-
nal screen is discretized by HEALPix (Go´rski et al. 2005)
with 1024 angle bins.
3 RESULTS
The resultant CP maps for different grain size models
are shown in Figure 2. In this work, we present the face-
on views of the dusty gas slab. 1 The top row shows the
ratio of the emergent intensity I to the intrinsic intensity I∗
emitted from the star, the middle does linear polarization,
and the bottom does circular polarization. According as the
grain size becomes small, the scattering albedo decreases,
and the absorption optical depth increases. Therefore, in
the case of ad = 0.1 µm, the emergent intensity is as low as
∼ 10−8I∗ at the edge of the slab. For ad = 0.3 µm, the albedo
is close to unity, and diffuse photons can propagate even at
the edge. In the case of the MRN model, small grains with
low scattering albedos absorb photons efficiently, resulting in
the suppression of photon propagation over a long distance.
The distributions and directions of linear polarization
are shown in the middle row in Figure 2. In the cases with
ad = 0.1 and 0.3 µm, the maximum linear polarization degree
reaches ∼ 80 percent and the polarization vectors exhibit the
concentric pattern. In both cases, the photon scattering is
1 The details of the dependence on viewing angles and dust prop-
erties will be presented in our forthcoming paper (Fukushima et
al. in prep.).
understood by the Rayleigh approximation (2piad  λ), in
which the scattered light is linearly polarized along the ver-
tical plane to incident and outgoing vectors. On the other
hand, as the grain size is close to ad = 1.0 µm, the linear po-
larization pattern becomes different from the Rayleigh limit.
If photons propagate along the face-on or edge-on direction
to 1.0 µm grains and they are scattered to the observer,
the oscillation of electric dipole moment along the parallel
plane to the incident and outgoing vectors becomes domi-
nant. Thus, the polarization vectors point to the radial direc-
tions. If the grain size is much larger than the wavelength of
photons, the direction of linear polarization is aligned with
the major axis of the oblate dust grain regardless of the
incident angle.
The bottom row of Figure 2 shows the CP maps,
i.e., |V |/I. The angular distributions show the symmetric
quadrupole patterns. These patterns nicely match recent ob-
servations (e.g., Kwon et al. 2014). Compared to the small
dust grains (0.1 and 0.3 µm), the sign of CP is reversed in
the cases of ad = 1.0 µm and the MRN mixture. In all cases,
the absolute value of CP becomes maximum in the diago-
nal direction. In Figure 3, we show the degrees of CP along
45◦ direction of the slab as a function of distance from the
star. Here, 0◦ is defined as the direction of the minor axis
of dust grains. The CP degree increases as the grain size
becomes larger, and it reaches 40 percent for ad = 1.0 µm.
The CPs for the models of single size grains are roughly con-
stant. On the other hand, in the case of the MRN mixture,
|V |/I decreases as the radial distance increases. Because of
the contribution of small dust grains, the absorption optical
depth is larger than the single size models. After the absorp-
tion of photons, penetrating photons are linearly polarized.
The direction of the linear polarization is perpendicular to
that of photons after scattering. According to the Mu¨ller
matrix, the sign of S42 is inverse to S43. Therefore, if photon
packets after absorption and scattering do the final interac-
tion with dust, and they are collected in the same pixel on
the imaging screen, the CP becomes weak due to the offset.
This is why the CP decreases at the large radius in the case
of the MRN.
In the MRN mixture, the CP degree cannot become
higher than 5 percent, although micron-sized grains are con-
tained. As shown in the single size models, the CP from the
scattering on large dust grains with ad & 0.3 µm offsets that
by small grains, resulting in the low level of CP. If the typical
dust size is as large as ∼ 1µm through accretion and coagu-
lation, the CP degree becomes higher as a result of reduced
offset. Recent observations indicate that the CPs in star-
forming regions are mostly at a level of less than ∼ 5 percent,
while some observations show the CP degree as high as ∼ 20
percent (Kwon et al. 2014). We suggest that the diversity of
observed CP maps can originate from different size distri-
butions of dust grains. Actually, the observations of 3.6 µm
emission from dense cores in the star-forming clouds sup-
port 1 µm dust grains (Steinacker et al. 2010; Pagani et al.
2010), and metal accretion or coagulation is thought to in-
duce such grain growth (e.g., Ormel et al. 2009; Hirashita
& Li 2013). Also, the positive correlation of the CP degree
with the luminosity of YSOs is shown in Kwon et al. (2014).
The high-density regions are preferred for the formation sites
of massive stars (e.g., McKee & Tan 2003; Fukushima et al.
2018), and such environments may enhance the dust growth.
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??? ??? 0.3 µm
<latexit sha1_base64="nfHyGvu+nYBiFlHMI ZldyX9tUCA=">AAACdXichVFNLwNBGH66vuuji4tEJBtFnOptSYiTcHGkVSQqze4atel+ZXfbhIY f4A84cCFBxM9w8Qcc+hPEsRIXB2+3mwiCdzIzzzzzPu88M6O5puEHRPWY1Nbe0dnV3RPv7esfSMi DQ5u+U/F0kdcd0/G2NdUXpmGLfGAEpth2PaFamim2tPJKc3+rKjzfcOyN4NAVu5Zaso19Q1cDpoq yTKlZ5aRW8CylYFUU67goJylFYSg/QToCSUSx5si3KGAPDnRUYEHARsDYhAqf2w7SILjM7aLGnMf ICPcFjhFnbYWzBGeozJZ5LPFqJ2JtXjdr+qFa51NM7h4rFUzSE91Rgx7pnp7p/ddatbBG08shz1p LK9xi4nQk9/avyuI5wMGn6k/PAfaxEHo12LsbMs1b6C199eiskVvMTtam6Ipe2P8l1emBb2BXX/X rdZE9R5w/IP39uX+CzUwqPZvKrM8ll5ajr+jGKMYxze89jyWsYg15PreKC1zjJvYmjUkT0lQrVYp FmmF8CWnmA35dj5g=</latexit>
??? 1.0 µm
<latexit sha1_base64="bjF5dsLSc/CdkZbd9DrSLIurq0A=">AAACdXichVHLLgRBFD3T3uPV2 EhE0jGI1biNhFhN2FiaGYPEyKS7FTr6le6eSZiMD/ADFmxIEPEZNn7AYj5BLElsLNzp6UQQ3EpVnTp1z61TVbpnmUFIVE9ILa1t7R2dXcnunt6+fnlgcD1wy74hCoZruf6mrgXCMh1RCM3QEpueLzRbt 8SGfrDc2N+oCD8wXWctPPTEtq3tOeauaWghUyVZVtOkHFeLvq0U7bJi10pyitIUhfITqDFIIY5VV75BETtwYaAMGwIOQsYWNATctqCC4DG3jSpzPiMz2heoIcnaMmcJztCYPeBxj1dbMevwulEziNQGn 2Jx91mpYIIe6ZZe6IHu6Inef61VjWo0vBzyrDe1wiv1nwzn3/5V2TyH2P9U/ek5xC4WIq8me/cipnELo6mvHJ2+5BdzE9VJuqRn9n9BdbrnGziVV+MqK3JnSPIHqN+f+ydYn0mrs+mZ7FwqsxR/RSdGM IYpfu95ZLCCVRT43ArOcYXrxJs0Ko1Lk81UKRFrhvAlpOkPekWPlg==</latexit>
???MRN mixture
<latexit sha1_base64="mI/kTfows6csVjlQJppdQTBAPJ0=">AAACd3ichVHLLgRBFD3T3uM12EgsTEyI1eS2SIiVsL EhDIMEmXS3QmX6le6aCSZ8gB+wkEhIBPEZNn7AwieIJYlILNzp6UQQ3EpVnTp1z61TVaZvy1ARPSS0uvqGxqbmlmRrW3tHZ6qrezn0SoEl8pZne8GqaYTClq7IK6lsseoHwnBMW6yYxenq/kpZBKH03CW154sNx9h25Za0DMVUIdVdWQ+c9GxuLn3o yF1VCsRBIZWhLEWR/gn0GGQQx7yXusQ6NuHBQgkOBFwoxjYMhNzWoIPgM7eBCnMBIxntCxwgydoSZwnOMJgt8rjNq7WYdXldrRlGaotPsbkHrExjkO7pmp7pjm7okd5/rVWJalS97PFs1rTCL3Qe9S6+/qtyeFbY+VT96VlhC+ORV8ne/Yip3sKq6c v7x8+LE7nByhCd0xP7P6MHuuUbuOUX62JB5E6Q5A/Qvz/3T7A8ktUpqy+MZian4q9oRh8GMMzvPYZJzGAeeT53F6e4xFXiTevXhrThWqqWiDU9+BKa/gEaf5FH</latexit><latexit sha1_base64="mI/kTfows6csVjlQJppdQTBAPJ0=">AAACd3ichVHLLgRBFD3T3uM12EgsTEyI1eS2SIiVsL EhDIMEmXS3QmX6le6aCSZ8gB+wkEhIBPEZNn7AwieIJYlILNzp6UQQ3EpVnTp1z61TVaZvy1ARPSS0uvqGxqbmlmRrW3tHZ6qrezn0SoEl8pZne8GqaYTClq7IK6lsseoHwnBMW6yYxenq/kpZBKH03CW154sNx9h25Za0DMVUIdVdWQ+c9GxuLn3o yF1VCsRBIZWhLEWR/gn0GGQQx7yXusQ6NuHBQgkOBFwoxjYMhNzWoIPgM7eBCnMBIxntCxwgydoSZwnOMJgt8rjNq7WYdXldrRlGaotPsbkHrExjkO7pmp7pjm7okd5/rVWJalS97PFs1rTCL3Qe9S6+/qtyeFbY+VT96VlhC+ORV8ne/Yip3sKq6c v7x8+LE7nByhCd0xP7P6MHuuUbuOUX62JB5E6Q5A/Qvz/3T7A8ktUpqy+MZian4q9oRh8GMMzvPYZJzGAeeT53F6e4xFXiTevXhrThWqqWiDU9+BKa/gEaf5FH</latexit><latexit sha1_base64="mI/kTfows6csVjlQJppdQTBAPJ0=">AAACd3ichVHLLgRBFD3T3uM12EgsTEyI1eS2SIiVsL EhDIMEmXS3QmX6le6aCSZ8gB+wkEhIBPEZNn7AwieIJYlILNzp6UQQ3EpVnTp1z61TVaZvy1ARPSS0uvqGxqbmlmRrW3tHZ6qrezn0SoEl8pZne8GqaYTClq7IK6lsseoHwnBMW6yYxenq/kpZBKH03CW154sNx9h25Za0DMVUIdVdWQ+c9GxuLn3o yF1VCsRBIZWhLEWR/gn0GGQQx7yXusQ6NuHBQgkOBFwoxjYMhNzWoIPgM7eBCnMBIxntCxwgydoSZwnOMJgt8rjNq7WYdXldrRlGaotPsbkHrExjkO7pmp7pjm7okd5/rVWJalS97PFs1rTCL3Qe9S6+/qtyeFbY+VT96VlhC+ORV8ne/Yip3sKq6c v7x8+LE7nByhCd0xP7P6MHuuUbuOUX62JB5E6Q5A/Qvz/3T7A8ktUpqy+MZian4q9oRh8GMMzvPYZJzGAeeT53F6e4xFXiTevXhrThWqqWiDU9+BKa/gEaf5FH</latexit><latexit sha1_base64="mI/kTfows6csVjlQJppdQTBAPJ0=">AAACd3ichVHLLgRBFD3T3uM12EgsTEyI1eS2SIiVsL EhDIMEmXS3QmX6le6aCSZ8gB+wkEhIBPEZNn7AwieIJYlILNzp6UQQ3EpVnTp1z61TVaZvy1ARPSS0uvqGxqbmlmRrW3tHZ6qrezn0SoEl8pZne8GqaYTClq7IK6lsseoHwnBMW6yYxenq/kpZBKH03CW154sNx9h25Za0DMVUIdVdWQ+c9GxuLn3o yF1VCsRBIZWhLEWR/gn0GGQQx7yXusQ6NuHBQgkOBFwoxjYMhNzWoIPgM7eBCnMBIxntCxwgydoSZwnOMJgt8rjNq7WYdXldrRlGaotPsbkHrExjkO7pmp7pjm7okd5/rVWJalS97PFs1rTCL3Qe9S6+/qtyeFbY+VT96VlhC+ORV8ne/Yip3sKq6c v7x8+LE7nByhCd0xP7P6MHuuUbuOUX62JB5E6Q5A/Qvz/3T7A8ktUpqy+MZian4q9oRh8GMMzvPYZJzGAeeT53F6e4xFXiTevXhrThWqqWiDU9+BKa/gEaf5FH</latexit>
I
/I
⇤
<latexit sha1_base64="2zTApnPZpDJBIYuQygWp2pW4r1M="></latexit><latexit sha1_base64="2zTApnPZpDJBIYuQygWp2pW4r1M="></latexit><latexit sha1_base64="2zTApnPZpDJBIYuQygWp2pW4r1M="></latexit><latexit sha1_base64="2zTApnPZpDJBIYuQygWp2pW4r1M="></latexit>
1<latexit sha1_base64="l5FmCoBAADIsVhULWyCieYbgD5 Q=">AAACZHichVHLSsNAFD2Nr1qrrYogCCIWxVW5EUFxVXTj0rbWCrWUJE5raJqEJC3U4g/oVnHhSkFE/Aw3/oALf0AQlx XcuPA2DYiKeoeZOXPmnjtnZlTb0F2P6DEk9fT29Q+EByND0eGRWHx0bNu16o4mcpplWM6OqrjC0E2R83TPEDu2I5Saaoi8 Wl3v7OcbwnF1y9zymrYo1pSKqZd1TfGYSsuleIKS5MfMTyAHIIEgNq34NXaxBwsa6qhBwITH2IACl1sBMgg2c0W0mHMY6f6 +wCEirK1zluAMhdkqjxVeFQLW5HWnpuurNT7F4O6wcgZz9EA31KZ7uqVnev+1Vsuv0fHS5FntaoVdih1NZt/+VdV49rD/q frTs4cyVnyvOnu3faZzC62rbxyctbOrmbnWPF3SC/u/oEe64xuYjVftKi0y54jwB8jfn/sn2F5MypSU00uJ1FrwFWFMYRY L/N7LSGEDm8jxuQLHOMFp6EmKSuPSRDdVCgWacXwJafoDaEyJsQ==</latexit><latexit sha1_base64="l5FmCoBAADIsVhULWyCieYbgD5 Q=">AAACZHichVHLSsNAFD2Nr1qrrYogCCIWxVW5EUFxVXTj0rbWCrWUJE5raJqEJC3U4g/oVnHhSkFE/Aw3/oALf0AQlx XcuPA2DYiKeoeZOXPmnjtnZlTb0F2P6DEk9fT29Q+EByND0eGRWHx0bNu16o4mcpplWM6OqrjC0E2R83TPEDu2I5Saaoi8 Wl3v7OcbwnF1y9zymrYo1pSKqZd1TfGYSsuleIKS5MfMTyAHIIEgNq34NXaxBwsa6qhBwITH2IACl1sBMgg2c0W0mHMY6f6 +wCEirK1zluAMhdkqjxVeFQLW5HWnpuurNT7F4O6wcgZz9EA31KZ7uqVnev+1Vsuv0fHS5FntaoVdih1NZt/+VdV49rD/q frTs4cyVnyvOnu3faZzC62rbxyctbOrmbnWPF3SC/u/oEe64xuYjVftKi0y54jwB8jfn/sn2F5MypSU00uJ1FrwFWFMYRY L/N7LSGEDm8jxuQLHOMFp6EmKSuPSRDdVCgWacXwJafoDaEyJsQ==</latexit><latexit sha1_base64="l5FmCoBAADIsVhULWyCieYbgD5 Q=">AAACZHichVHLSsNAFD2Nr1qrrYogCCIWxVW5EUFxVXTj0rbWCrWUJE5raJqEJC3U4g/oVnHhSkFE/Aw3/oALf0AQlx XcuPA2DYiKeoeZOXPmnjtnZlTb0F2P6DEk9fT29Q+EByND0eGRWHx0bNu16o4mcpplWM6OqrjC0E2R83TPEDu2I5Saaoi8 Wl3v7OcbwnF1y9zymrYo1pSKqZd1TfGYSsuleIKS5MfMTyAHIIEgNq34NXaxBwsa6qhBwITH2IACl1sBMgg2c0W0mHMY6f6 +wCEirK1zluAMhdkqjxVeFQLW5HWnpuurNT7F4O6wcgZz9EA31KZ7uqVnev+1Vsuv0fHS5FntaoVdih1NZt/+VdV49rD/q frTs4cyVnyvOnu3faZzC62rbxyctbOrmbnWPF3SC/u/oEe64xuYjVftKi0y54jwB8jfn/sn2F5MypSU00uJ1FrwFWFMYRY L/N7LSGEDm8jxuQLHOMFp6EmKSuPSRDdVCgWacXwJafoDaEyJsQ==</latexit><latexit sha1_base64="l5FmCoBAADIsVhULWyCieYbgD5 Q=">AAACZHichVHLSsNAFD2Nr1qrrYogCCIWxVW5EUFxVXTj0rbWCrWUJE5raJqEJC3U4g/oVnHhSkFE/Aw3/oALf0AQlx XcuPA2DYiKeoeZOXPmnjtnZlTb0F2P6DEk9fT29Q+EByND0eGRWHx0bNu16o4mcpplWM6OqrjC0E2R83TPEDu2I5Saaoi8 Wl3v7OcbwnF1y9zymrYo1pSKqZd1TfGYSsuleIKS5MfMTyAHIIEgNq34NXaxBwsa6qhBwITH2IACl1sBMgg2c0W0mHMY6f6 +wCEirK1zluAMhdkqjxVeFQLW5HWnpuurNT7F4O6wcgZz9EA31KZ7uqVnev+1Vsuv0fHS5FntaoVdih1NZt/+VdV49rD/q frTs4cyVnyvOnu3faZzC62rbxyctbOrmbnWPF3SC/u/oEe64xuYjVftKi0y54jwB8jfn/sn2F5MypSU00uJ1FrwFWFMYRY L/N7LSGEDm8jxuQLHOMFp6EmKSuPSRDdVCgWacXwJafoDaEyJsQ==</latexit>
10 2
<latexit sha1_base64="H2PWMFvZy61Fgw6Ft/8/gbx6ML4=">AAACa nichVHLSsNAFD2N7/porRulm2KtuLHciKC4Et24bKu1go+SxGkNpklI0kIt/oA7V4KuFETEz3DjD7jwE0R3Fdy48DYNiBb1DjNz5sw9d87MqLahux7 RU0jq6u7p7esfCA8ODY9EoqOxTdeqOprIa5ZhOVuq4gpDN0Xe0z1DbNmOUCqqIQrq4Wprv1ATjqtb5oZXt8VuRSmbeknXFI+pgkx7jdm542I0SWnyI 9EJ5AAkEUTGit5gB/uwoKGKCgRMeIwNKHC5bUMGwWZuFw3mHEa6vy9wjDBrq5wlOENh9pDHMq+2A9bkdaum66s1PsXg7rAygRQ90i016YHu6Jk+fq 3V8Gu0vNR5VttaYRcjJ+Pr7/+qKjx7OPhS/enZQwmLvledvds+07qF1tbXjs6a60u5VGOaruiF/V/SE93zDczam3adFbkLhPkD5J/P3Qk259IypeXs fHJ5JfiKfsQxiRl+7wUsYw0Z5H13pzjHRehVikkTUrydKoUCzRi+hTT1CRiAi9I=</latexit><latexit sha1_base64="H2PWMFvZy61Fgw6Ft/8/gbx6ML4=">AAACa nichVHLSsNAFD2N7/porRulm2KtuLHciKC4Et24bKu1go+SxGkNpklI0kIt/oA7V4KuFETEz3DjD7jwE0R3Fdy48DYNiBb1DjNz5sw9d87MqLahux7 RU0jq6u7p7esfCA8ODY9EoqOxTdeqOprIa5ZhOVuq4gpDN0Xe0z1DbNmOUCqqIQrq4Wprv1ATjqtb5oZXt8VuRSmbeknXFI+pgkx7jdm542I0SWnyI 9EJ5AAkEUTGit5gB/uwoKGKCgRMeIwNKHC5bUMGwWZuFw3mHEa6vy9wjDBrq5wlOENh9pDHMq+2A9bkdaum66s1PsXg7rAygRQ90i016YHu6Jk+fq 3V8Gu0vNR5VttaYRcjJ+Pr7/+qKjx7OPhS/enZQwmLvledvds+07qF1tbXjs6a60u5VGOaruiF/V/SE93zDczam3adFbkLhPkD5J/P3Qk259IypeXs fHJ5JfiKfsQxiRl+7wUsYw0Z5H13pzjHRehVikkTUrydKoUCzRi+hTT1CRiAi9I=</latexit><latexit sha1_base64="H2PWMFvZy61Fgw6Ft/8/gbx6ML4=">AAACa nichVHLSsNAFD2N7/porRulm2KtuLHciKC4Et24bKu1go+SxGkNpklI0kIt/oA7V4KuFETEz3DjD7jwE0R3Fdy48DYNiBb1DjNz5sw9d87MqLahux7 RU0jq6u7p7esfCA8ODY9EoqOxTdeqOprIa5ZhOVuq4gpDN0Xe0z1DbNmOUCqqIQrq4Wprv1ATjqtb5oZXt8VuRSmbeknXFI+pgkx7jdm542I0SWnyI 9EJ5AAkEUTGit5gB/uwoKGKCgRMeIwNKHC5bUMGwWZuFw3mHEa6vy9wjDBrq5wlOENh9pDHMq+2A9bkdaum66s1PsXg7rAygRQ90i016YHu6Jk+fq 3V8Gu0vNR5VttaYRcjJ+Pr7/+qKjx7OPhS/enZQwmLvledvds+07qF1tbXjs6a60u5VGOaruiF/V/SE93zDczam3adFbkLhPkD5J/P3Qk259IypeXs fHJ5JfiKfsQxiRl+7wUsYw0Z5H13pzjHRehVikkTUrydKoUCzRi+hTT1CRiAi9I=</latexit><latexit sha1_base64="H2PWMFvZy61Fgw6Ft/8/gbx6ML4=">AAACa nichVHLSsNAFD2N7/porRulm2KtuLHciKC4Et24bKu1go+SxGkNpklI0kIt/oA7V4KuFETEz3DjD7jwE0R3Fdy48DYNiBb1DjNz5sw9d87MqLahux7 RU0jq6u7p7esfCA8ODY9EoqOxTdeqOprIa5ZhOVuq4gpDN0Xe0z1DbNmOUCqqIQrq4Wprv1ATjqtb5oZXt8VuRSmbeknXFI+pgkx7jdm542I0SWnyI 9EJ5AAkEUTGit5gB/uwoKGKCgRMeIwNKHC5bUMGwWZuFw3mHEa6vy9wjDBrq5wlOENh9pDHMq+2A9bkdaum66s1PsXg7rAygRQ90i016YHu6Jk+fq 3V8Gu0vNR5VttaYRcjJ+Pr7/+qKjx7OPhS/enZQwmLvledvds+07qF1tbXjs6a60u5VGOaruiF/V/SE93zDczam3adFbkLhPkD5J/P3Qk259IypeXs fHJ5JfiKfsQxiRl+7wUsYw0Z5H13pzjHRehVikkTUrydKoUCzRi+hTT1CRiAi9I=</latexit>
10 4
<latexit sha1_base64="vxhvXGBGbcPOiOKYnmfhNkmR9MQ=">AAACa nichVHLSsNAFD2Nr1ofrXWjdCPWihvLjRQUV0U3LrVaK/giiWMNTZOQpIVa+gPuXAl2pSAifoYbf8CFnyC6U3Djwts0IFrUO8zMmTP33Dkzo9qG7np EjyGpq7unty/cHxkYHBqOxkbim65VcTSR1yzDcrZUxRWGboq8p3uG2LIdoZRVQxTU0nJrv1AVjqtb5oZXs8VuWSma+qGuKR5TBZn26rOZxn4sSWnyY 6ITyAFIIohVK3aNHRzAgoYKyhAw4TE2oMDltg0ZBJu5XdSZcxjp/r5AAxHWVjhLcIbCbInHIq+2A9bkdaum66s1PsXg7rByAil6oBt6pXu6pSf6+L VW3a/R8lLjWW1rhb0fPRlbf/9XVebZw9GX6k/PHg6x4HvV2bvtM61baG199fjsdX0xl6pP0yU9s/8LeqQ7voFZfdOu1kSuiQh/gPzzuTvB5lxaprS8 lklml4KvCCOBSczwe88jixWsIu+7O8U5mqEXKS6NS4l2qhQKNKP4FtLUJxyCi9Q=</latexit><latexit sha1_base64="vxhvXGBGbcPOiOKYnmfhNkmR9MQ=">AAACa nichVHLSsNAFD2Nr1ofrXWjdCPWihvLjRQUV0U3LrVaK/giiWMNTZOQpIVa+gPuXAl2pSAifoYbf8CFnyC6U3Djwts0IFrUO8zMmTP33Dkzo9qG7np EjyGpq7unty/cHxkYHBqOxkbim65VcTSR1yzDcrZUxRWGboq8p3uG2LIdoZRVQxTU0nJrv1AVjqtb5oZXs8VuWSma+qGuKR5TBZn26rOZxn4sSWnyY 6ITyAFIIohVK3aNHRzAgoYKyhAw4TE2oMDltg0ZBJu5XdSZcxjp/r5AAxHWVjhLcIbCbInHIq+2A9bkdaum66s1PsXg7rByAil6oBt6pXu6pSf6+L VW3a/R8lLjWW1rhb0fPRlbf/9XVebZw9GX6k/PHg6x4HvV2bvtM61baG199fjsdX0xl6pP0yU9s/8LeqQ7voFZfdOu1kSuiQh/gPzzuTvB5lxaprS8 lklml4KvCCOBSczwe88jixWsIu+7O8U5mqEXKS6NS4l2qhQKNKP4FtLUJxyCi9Q=</latexit><latexit sha1_base64="vxhvXGBGbcPOiOKYnmfhNkmR9MQ=">AAACa nichVHLSsNAFD2Nr1ofrXWjdCPWihvLjRQUV0U3LrVaK/giiWMNTZOQpIVa+gPuXAl2pSAifoYbf8CFnyC6U3Djwts0IFrUO8zMmTP33Dkzo9qG7np EjyGpq7unty/cHxkYHBqOxkbim65VcTSR1yzDcrZUxRWGboq8p3uG2LIdoZRVQxTU0nJrv1AVjqtb5oZXs8VuWSma+qGuKR5TBZn26rOZxn4sSWnyY 6ITyAFIIohVK3aNHRzAgoYKyhAw4TE2oMDltg0ZBJu5XdSZcxjp/r5AAxHWVjhLcIbCbInHIq+2A9bkdaum66s1PsXg7rByAil6oBt6pXu6pSf6+L VW3a/R8lLjWW1rhb0fPRlbf/9XVebZw9GX6k/PHg6x4HvV2bvtM61baG199fjsdX0xl6pP0yU9s/8LeqQ7voFZfdOu1kSuiQh/gPzzuTvB5lxaprS8 lklml4KvCCOBSczwe88jixWsIu+7O8U5mqEXKS6NS4l2qhQKNKP4FtLUJxyCi9Q=</latexit><latexit sha1_base64="vxhvXGBGbcPOiOKYnmfhNkmR9MQ=">AAACa nichVHLSsNAFD2Nr1ofrXWjdCPWihvLjRQUV0U3LrVaK/giiWMNTZOQpIVa+gPuXAl2pSAifoYbf8CFnyC6U3Djwts0IFrUO8zMmTP33Dkzo9qG7np EjyGpq7unty/cHxkYHBqOxkbim65VcTSR1yzDcrZUxRWGboq8p3uG2LIdoZRVQxTU0nJrv1AVjqtb5oZXs8VuWSma+qGuKR5TBZn26rOZxn4sSWnyY 6ITyAFIIohVK3aNHRzAgoYKyhAw4TE2oMDltg0ZBJu5XdSZcxjp/r5AAxHWVjhLcIbCbInHIq+2A9bkdaum66s1PsXg7rByAil6oBt6pXu6pSf6+L VW3a/R8lLjWW1rhb0fPRlbf/9XVebZw9GX6k/PHg6x4HvV2bvtM61baG199fjsdX0xl6pP0yU9s/8LeqQ7voFZfdOu1kSuiQh/gPzzuTvB5lxaprS8 lklml4KvCCOBSczwe88jixWsIu+7O8U5mqEXKS6NS4l2qhQKNKP4FtLUJxyCi9Q=</latexit>
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<latexit sha1_base64="sI9fMfVZ1nJFFuTLgEa/gC0MlOo=">AAACZnichVH LSsNAFD2Nr1q1VkUU3BRLxVW5kYLiqujGZR9WBRVJ4rQG0yQkaaEWf0BwaxeuFETEz3DjD7joHyguK7hx4W0aEC3qHWbmzJl77pyZUW1Ddz2iVkjq6x8YHAoPR0ZGx 6LjsYnJLdeqOpooapZhOTuq4gpDN0XR0z1D7NiOUCqqIbbV4/XO/nZNOK5umZte3Rb7FaVs6iVdUzymCpRKH8QSlCI/4r1ADkACQWSt2C32cAgLGqqoQMCEx9iAApf bLmQQbOb20WDOYaT7+wKniLC2ylmCMxRmj3ks82o3YE1ed2q6vlrjUwzuDivjSNIT3VGbHumeXujj11oNv0bHS51ntasV9sH42Wzh/V9VhWcPR1+qPz17KGHF96qzd 9tnOrfQuvraSbNdWM0nGwt0Ta/s/4pa9MA3MGtv2k1O5C8R4Q+Qfz53L9haSsmUknPpRGYt+Iow5jCPRX7vZWSwgSyKfG4Z57hAM/QsRaVpaaabKoUCzRS+hRT/BHW riiY=</latexit><latexit sha1_base64="sI9fMfVZ1nJFFuTLgEa/gC0MlOo=">AAACZnichVH LSsNAFD2Nr1q1VkUU3BRLxVW5kYLiqujGZR9WBRVJ4rQG0yQkaaEWf0BwaxeuFETEz3DjD7joHyguK7hx4W0aEC3qHWbmzJl77pyZUW1Ddz2iVkjq6x8YHAoPR0ZGx 6LjsYnJLdeqOpooapZhOTuq4gpDN0XR0z1D7NiOUCqqIbbV4/XO/nZNOK5umZte3Rb7FaVs6iVdUzymCpRKH8QSlCI/4r1ADkACQWSt2C32cAgLGqqoQMCEx9iAApf bLmQQbOb20WDOYaT7+wKniLC2ylmCMxRmj3ks82o3YE1ed2q6vlrjUwzuDivjSNIT3VGbHumeXujj11oNv0bHS51ntasV9sH42Wzh/V9VhWcPR1+qPz17KGHF96qzd 9tnOrfQuvraSbNdWM0nGwt0Ta/s/4pa9MA3MGtv2k1O5C8R4Q+Qfz53L9haSsmUknPpRGYt+Iow5jCPRX7vZWSwgSyKfG4Z57hAM/QsRaVpaaabKoUCzRS+hRT/BHW riiY=</latexit><latexit sha1_base64="sI9fMfVZ1nJFFuTLgEa/gC0MlOo=">AAACZnichVH LSsNAFD2Nr1q1VkUU3BRLxVW5kYLiqujGZR9WBRVJ4rQG0yQkaaEWf0BwaxeuFETEz3DjD7joHyguK7hx4W0aEC3qHWbmzJl77pyZUW1Ddz2iVkjq6x8YHAoPR0ZGx 6LjsYnJLdeqOpooapZhOTuq4gpDN0XR0z1D7NiOUCqqIbbV4/XO/nZNOK5umZte3Rb7FaVs6iVdUzymCpRKH8QSlCI/4r1ADkACQWSt2C32cAgLGqqoQMCEx9iAApf bLmQQbOb20WDOYaT7+wKniLC2ylmCMxRmj3ks82o3YE1ed2q6vlrjUwzuDivjSNIT3VGbHumeXujj11oNv0bHS51ntasV9sH42Wzh/V9VhWcPR1+qPz17KGHF96qzd 9tnOrfQuvraSbNdWM0nGwt0Ta/s/4pa9MA3MGtv2k1O5C8R4Q+Qfz53L9haSsmUknPpRGYt+Iow5jCPRX7vZWSwgSyKfG4Z57hAM/QsRaVpaaabKoUCzRS+hRT/BHW riiY=</latexit><latexit sha1_base64="sI9fMfVZ1nJFFuTLgEa/gC0MlOo=">AAACZnichVH LSsNAFD2Nr1q1VkUU3BRLxVW5kYLiqujGZR9WBRVJ4rQG0yQkaaEWf0BwaxeuFETEz3DjD7joHyguK7hx4W0aEC3qHWbmzJl77pyZUW1Ddz2iVkjq6x8YHAoPR0ZGx 6LjsYnJLdeqOpooapZhOTuq4gpDN0XR0z1D7NiOUCqqIbbV4/XO/nZNOK5umZte3Rb7FaVs6iVdUzymCpRKH8QSlCI/4r1ADkACQWSt2C32cAgLGqqoQMCEx9iAApf bLmQQbOb20WDOYaT7+wKniLC2ylmCMxRmj3ks82o3YE1ed2q6vlrjUwzuDivjSNIT3VGbHumeXujj11oNv0bHS51ntasV9sH42Wzh/V9VhWcPR1+qPz17KGHF96qzd 9tnOrfQuvraSbNdWM0nGwt0Ta/s/4pa9MA3MGtv2k1O5C8R4Q+Qfz53L9haSsmUknPpRGYt+Iow5jCPRX7vZWSwgSyKfG4Z57hAM/QsRaVpaaabKoUCzRS+hRT/BHW riiY=</latexit>
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<latexit sha1_base64="NkDtgnXrobN/Wpw2+CUc3nYgtus=">AAACZ3ichV HLSsNAFD2Nr1ofrQpScKMWxVW5KYLiqujGZR9WC7VIEkcNTZOQpIVa/AEXbiu4UhARP8ONP+DCTxCXCm5ceJMGRIt6Q+aeOXPPnTMzqm3orkf0FJH6+gcGh6LDs ZHRsfF4YmJy27UajiZKmmVYTllVXGHopih5umeIsu0Ipa4aYketbfjrO03huLplbnktW1TryqGpH+ia4vkUpSmzl0hxCmK2F8ghSCGMnJW4wS72YUFDA3UImPAY G1Dg8leBDILNXBVt5hxGerAucIIYaxtcJbhCYbbG4yHPKiFr8tzv6QZqjXcx+HdYOYsFeqRbeqUHuqNn+vi1Vzvo4XtpcVa7WmHvxU+Txfd/VXXOHo6+VH969nC A1cCrzt7tgPFPoXX1zePOa3GtsNBepCt6Yf+X9ET3fAKz+aZd50XhAjF+APnndfeC7UxaprScX05l18OniGIG81ji+15BFpvIocT7HuEMHZxHnqW4NC0lu6VSJN RM4VtIc5/3nYpe</latexit><latexit sha1_base64="NkDtgnXrobN/Wpw2+CUc3nYgtus=">AAACZ3ichV HLSsNAFD2Nr1ofrQpScKMWxVW5KYLiqujGZR9WC7VIEkcNTZOQpIVa/AEXbiu4UhARP8ONP+DCTxCXCm5ceJMGRIt6Q+aeOXPPnTMzqm3orkf0FJH6+gcGh6LDs ZHRsfF4YmJy27UajiZKmmVYTllVXGHopih5umeIsu0Ipa4aYketbfjrO03huLplbnktW1TryqGpH+ia4vkUpSmzl0hxCmK2F8ghSCGMnJW4wS72YUFDA3UImPAY G1Dg8leBDILNXBVt5hxGerAucIIYaxtcJbhCYbbG4yHPKiFr8tzv6QZqjXcx+HdYOYsFeqRbeqUHuqNn+vi1Vzvo4XtpcVa7WmHvxU+Txfd/VXXOHo6+VH969nC A1cCrzt7tgPFPoXX1zePOa3GtsNBepCt6Yf+X9ET3fAKz+aZd50XhAjF+APnndfeC7UxaprScX05l18OniGIG81ji+15BFpvIocT7HuEMHZxHnqW4NC0lu6VSJN RM4VtIc5/3nYpe</latexit><latexit sha1_base64="NkDtgnXrobN/Wpw2+CUc3nYgtus=">AAACZ3ichV HLSsNAFD2Nr1ofrQpScKMWxVW5KYLiqujGZR9WC7VIEkcNTZOQpIVa/AEXbiu4UhARP8ONP+DCTxCXCm5ceJMGRIt6Q+aeOXPPnTMzqm3orkf0FJH6+gcGh6LDs ZHRsfF4YmJy27UajiZKmmVYTllVXGHopih5umeIsu0Ipa4aYketbfjrO03huLplbnktW1TryqGpH+ia4vkUpSmzl0hxCmK2F8ghSCGMnJW4wS72YUFDA3UImPAY G1Dg8leBDILNXBVt5hxGerAucIIYaxtcJbhCYbbG4yHPKiFr8tzv6QZqjXcx+HdYOYsFeqRbeqUHuqNn+vi1Vzvo4XtpcVa7WmHvxU+Txfd/VXXOHo6+VH969nC A1cCrzt7tgPFPoXX1zePOa3GtsNBepCt6Yf+X9ET3fAKz+aZd50XhAjF+APnndfeC7UxaprScX05l18OniGIG81ji+15BFpvIocT7HuEMHZxHnqW4NC0lu6VSJN RM4VtIc5/3nYpe</latexit><latexit sha1_base64="NkDtgnXrobN/Wpw2+CUc3nYgtus=">AAACZ3ichV HLSsNAFD2Nr1ofrQpScKMWxVW5KYLiqujGZR9WC7VIEkcNTZOQpIVa/AEXbiu4UhARP8ONP+DCTxCXCm5ceJMGRIt6Q+aeOXPPnTMzqm3orkf0FJH6+gcGh6LDs ZHRsfF4YmJy27UajiZKmmVYTllVXGHopih5umeIsu0Ipa4aYketbfjrO03huLplbnktW1TryqGpH+ia4vkUpSmzl0hxCmK2F8ghSCGMnJW4wS72YUFDA3UImPAY G1Dg8leBDILNXBVt5hxGerAucIIYaxtcJbhCYbbG4yHPKiFr8tzv6QZqjXcx+HdYOYsFeqRbeqUHuqNn+vi1Vzvo4XtpcVa7WmHvxU+Txfd/VXXOHo6+VH969nC A1cCrzt7tgPFPoXX1zePOa3GtsNBepCt6Yf+X9ET3fAKz+aZd50XhAjF+APnndfeC7UxaprScX05l18OniGIG81ji+15BFpvIocT7HuEMHZxHnqW4NC0lu6VSJN RM4VtIc5/3nYpe</latexit>
0.01
<latexit sha1_base64="99VHFcn7YQBBf2JnYgJRCOX25iI=">AAACZ3ic hVHLSsNAFD2Nr1ofrQoiuFGL4qrciKC4KrpxqdaqUEWSOLaheZGkhVr8ARduK7hSEBE/w40/4KKfUFxWcOPCmzQgWtQbMvfMmXvunJlRHUP3fKJmTOrp7es fiA8mhoZHRpOpsfE9z664mshrtmG7B6riCUO3RN7XfUMcOK5QTNUQ+2p5I1jfrwrX021r16854shUipZ+qmuKH1CUIfk4leYUxkw3kCOQRhRbduoehziBDQ 0VmBCw4DM2oMDjrwAZBIe5I9SZcxnp4brAORKsrXCV4AqF2TKPRZ4VItbiedDTC9Ua72Lw77JyBvP0Qg/Upmd6pBZ9/NqrHvYIvNQ4qx2tcI6TF1O5939VJ mcfpS/Vn559nGI19KqzdydkglNoHX31rNHOre3M1xfoll7Z/w016YlPYFXftLttsXONBD+A/PO6u8HeUkamjLy9nM6uR08RxzTmsMj3vYIsNrGFPO9bwiUa uIq1pKQ0KU11SqVYpJnAt5BmPwH1nYpd</latexit><latexit sha1_base64="99VHFcn7YQBBf2JnYgJRCOX25iI=">AAACZ3ic hVHLSsNAFD2Nr1ofrQoiuFGL4qrciKC4KrpxqdaqUEWSOLaheZGkhVr8ARduK7hSEBE/w40/4KKfUFxWcOPCmzQgWtQbMvfMmXvunJlRHUP3fKJmTOrp7es fiA8mhoZHRpOpsfE9z664mshrtmG7B6riCUO3RN7XfUMcOK5QTNUQ+2p5I1jfrwrX021r16854shUipZ+qmuKH1CUIfk4leYUxkw3kCOQRhRbduoehziBDQ 0VmBCw4DM2oMDjrwAZBIe5I9SZcxnp4brAORKsrXCV4AqF2TKPRZ4VItbiedDTC9Ua72Lw77JyBvP0Qg/Upmd6pBZ9/NqrHvYIvNQ4qx2tcI6TF1O5939VJ mcfpS/Vn559nGI19KqzdydkglNoHX31rNHOre3M1xfoll7Z/w016YlPYFXftLttsXONBD+A/PO6u8HeUkamjLy9nM6uR08RxzTmsMj3vYIsNrGFPO9bwiUa uIq1pKQ0KU11SqVYpJnAt5BmPwH1nYpd</latexit><latexit sha1_base64="99VHFcn7YQBBf2JnYgJRCOX25iI=">AAACZ3ic hVHLSsNAFD2Nr1ofrQoiuFGL4qrciKC4KrpxqdaqUEWSOLaheZGkhVr8ARduK7hSEBE/w40/4KKfUFxWcOPCmzQgWtQbMvfMmXvunJlRHUP3fKJmTOrp7es fiA8mhoZHRpOpsfE9z664mshrtmG7B6riCUO3RN7XfUMcOK5QTNUQ+2p5I1jfrwrX021r16854shUipZ+qmuKH1CUIfk4leYUxkw3kCOQRhRbduoehziBDQ 0VmBCw4DM2oMDjrwAZBIe5I9SZcxnp4brAORKsrXCV4AqF2TKPRZ4VItbiedDTC9Ua72Lw77JyBvP0Qg/Upmd6pBZ9/NqrHvYIvNQ4qx2tcI6TF1O5939VJ mcfpS/Vn559nGI19KqzdydkglNoHX31rNHOre3M1xfoll7Z/w016YlPYFXftLttsXONBD+A/PO6u8HeUkamjLy9nM6uR08RxzTmsMj3vYIsNrGFPO9bwiUa uIq1pKQ0KU11SqVYpJnAt5BmPwH1nYpd</latexit><latexit sha1_base64="99VHFcn7YQBBf2JnYgJRCOX25iI=">AAACZ3ic hVHLSsNAFD2Nr1ofrQoiuFGL4qrciKC4KrpxqdaqUEWSOLaheZGkhVr8ARduK7hSEBE/w40/4KKfUFxWcOPCmzQgWtQbMvfMmXvunJlRHUP3fKJmTOrp7es fiA8mhoZHRpOpsfE9z664mshrtmG7B6riCUO3RN7XfUMcOK5QTNUQ+2p5I1jfrwrX021r16854shUipZ+qmuKH1CUIfk4leYUxkw3kCOQRhRbduoehziBDQ 0VmBCw4DM2oMDjrwAZBIe5I9SZcxnp4brAORKsrXCV4AqF2TKPRZ4VItbiedDTC9Ua72Lw77JyBvP0Qg/Upmd6pBZ9/NqrHvYIvNQ4qx2tcI6TF1O5939VJ mcfpS/Vn559nGI19KqzdydkglNoHX31rNHOre3M1xfoll7Z/w016YlPYFXftLttsXONBD+A/PO6u8HeUkamjLy9nM6uR08RxzTmsMj3vYIsNrGFPO9bwiUa uIq1pKQ0KU11SqVYpJnAt5BmPwH1nYpd</latexit>
0.00
<latexit sha1_base64="Ad+OG6VvjRrFG4zHMhCDsSqDIaU=">AAACZ3ichV HLSsNAFD2Nr1ofrQoiuFGL4qrciKC4Krpx6au2oKUkcdTQNAnJtFCLP+DCbQVXCiLiZ7jxB1z4CcVlBTcuvEkDoqLekLlnztxz58yM7lqmL4meY0pXd09vX7w/M TA4NJxMjYzu+k7VM0TOcCzHK+iaLyzTFjlpSksUXE9oFd0Seb28Fqzna8LzTcfekXVXFCvakW0emoYmA4oyRKVUOkhBTP0EagTSiGLDSd1iHwdwYKCKCgRsSMYW NPj87UEFwWWuiAZzHiMzXBc4RYK1Va4SXKExW+bxiGd7EWvzPOjph2qDd7H491g5hVl6ojtq0yPdU4vef+3VCHsEXuqc9Y5WuKXk2cT227+qCmeJ40/Vn54lDrE cejXZuxsywSmMjr520mxvr2zNNuboml7Y/xU90wOfwK69GjebYusSCX4A9ft1/wS7CxmVMurmYjq7Gj1FHJOYwTzf9xKyWMcGcrzvMc7RxEWspSSVcWWiU6rEIs 0YvoQy/QHznYpc</latexit><latexit sha1_base64="Ad+OG6VvjRrFG4zHMhCDsSqDIaU=">AAACZ3ichV HLSsNAFD2Nr1ofrQoiuFGL4qrciKC4Krpx6au2oKUkcdTQNAnJtFCLP+DCbQVXCiLiZ7jxB1z4CcVlBTcuvEkDoqLekLlnztxz58yM7lqmL4meY0pXd09vX7w/M TA4NJxMjYzu+k7VM0TOcCzHK+iaLyzTFjlpSksUXE9oFd0Seb28Fqzna8LzTcfekXVXFCvakW0emoYmA4oyRKVUOkhBTP0EagTSiGLDSd1iHwdwYKCKCgRsSMYW NPj87UEFwWWuiAZzHiMzXBc4RYK1Va4SXKExW+bxiGd7EWvzPOjph2qDd7H491g5hVl6ojtq0yPdU4vef+3VCHsEXuqc9Y5WuKXk2cT227+qCmeJ40/Vn54lDrE cejXZuxsywSmMjr520mxvr2zNNuboml7Y/xU90wOfwK69GjebYusSCX4A9ft1/wS7CxmVMurmYjq7Gj1FHJOYwTzf9xKyWMcGcrzvMc7RxEWspSSVcWWiU6rEIs 0YvoQy/QHznYpc</latexit><latexit sha1_base64="Ad+OG6VvjRrFG4zHMhCDsSqDIaU=">AAACZ3ichV HLSsNAFD2Nr1ofrQoiuFGL4qrciKC4Krpx6au2oKUkcdTQNAnJtFCLP+DCbQVXCiLiZ7jxB1z4CcVlBTcuvEkDoqLekLlnztxz58yM7lqmL4meY0pXd09vX7w/M TA4NJxMjYzu+k7VM0TOcCzHK+iaLyzTFjlpSksUXE9oFd0Seb28Fqzna8LzTcfekXVXFCvakW0emoYmA4oyRKVUOkhBTP0EagTSiGLDSd1iHwdwYKCKCgRsSMYW NPj87UEFwWWuiAZzHiMzXBc4RYK1Va4SXKExW+bxiGd7EWvzPOjph2qDd7H491g5hVl6ojtq0yPdU4vef+3VCHsEXuqc9Y5WuKXk2cT227+qCmeJ40/Vn54lDrE cejXZuxsywSmMjr520mxvr2zNNuboml7Y/xU90wOfwK69GjebYusSCX4A9ft1/wS7CxmVMurmYjq7Gj1FHJOYwTzf9xKyWMcGcrzvMc7RxEWspSSVcWWiU6rEIs 0YvoQy/QHznYpc</latexit><latexit sha1_base64="Ad+OG6VvjRrFG4zHMhCDsSqDIaU=">AAACZ3ichV HLSsNAFD2Nr1ofrQoiuFGL4qrciKC4Krpx6au2oKUkcdTQNAnJtFCLP+DCbQVXCiLiZ7jxB1z4CcVlBTcuvEkDoqLekLlnztxz58yM7lqmL4meY0pXd09vX7w/M TA4NJxMjYzu+k7VM0TOcCzHK+iaLyzTFjlpSksUXE9oFd0Seb28Fqzna8LzTcfekXVXFCvakW0emoYmA4oyRKVUOkhBTP0EagTSiGLDSd1iHwdwYKCKCgRsSMYW NPj87UEFwWWuiAZzHiMzXBc4RYK1Va4SXKExW+bxiGd7EWvzPOjph2qDd7H491g5hVl6ojtq0yPdU4vef+3VCHsEXuqc9Y5WuKXk2cT227+qCmeJ40/Vn54lDrE cejXZuxsywSmMjr520mxvr2zNNuboml7Y/xU90wOfwK69GjebYusSCX4A9ft1/wS7CxmVMurmYjq7Gj1FHJOYwTzf9xKyWMcGcrzvMc7RxEWspSSVcWWiU6rEIs 0YvoQy/QHznYpc</latexit>
 0.01
<latexit sha1_base64="WHfELPFOXXF9dSAf1pKtDwGhKxI=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtFTeWGxEUV0U3Ln3VFmopSRx1ME1Ckha0+ANuXKq4UhARP8ONP+DCT1CXCm5ceJsGRIt6Q+aeOXPPnTMzumNKzyd6jCht7R2dXdHuW E9vX388MTC44dlV1xA5wzZtt6BrnjClJXK+9E1RcFyhVXRT5PW9xcZ6viZcT9rWur/viFJF27HktjQ0n6ncFGVILSdSnIIYbwVqCFIIY9lOXGMTW7BhoIoKBCz4 jE1o8PgrQgXBYa6EOnMuIxmsCxwixtoqVwmu0Jjd43GHZ8WQtXje6OkFaoN3Mfl3WTmOND3QDb3SPd3SE3382qse9Gh42eesN7XCKcePRtbe/1VVOPvY/VL96dn HNuYCr5K9OwHTOIXR1NcOTl7X5lfT9Qm6pBf2f0GPdMcnsGpvxtWKWD1HjB9A/XndrWBjOqNSRl2ZSWUXwqeIYgxJTPJ9zyKLJSwjx/tKHOMUZ5FnJaEMK6PNUi USaobwLZTkJ3XGipQ=</latexit><latexit sha1_base64="WHfELPFOXXF9dSAf1pKtDwGhKxI=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtFTeWGxEUV0U3Ln3VFmopSRx1ME1Ckha0+ANuXKq4UhARP8ONP+DCT1CXCm5ceJsGRIt6Q+aeOXPPnTMzumNKzyd6jCht7R2dXdHuW E9vX388MTC44dlV1xA5wzZtt6BrnjClJXK+9E1RcFyhVXRT5PW9xcZ6viZcT9rWur/viFJF27HktjQ0n6ncFGVILSdSnIIYbwVqCFIIY9lOXGMTW7BhoIoKBCz4 jE1o8PgrQgXBYa6EOnMuIxmsCxwixtoqVwmu0Jjd43GHZ8WQtXje6OkFaoN3Mfl3WTmOND3QDb3SPd3SE3382qse9Gh42eesN7XCKcePRtbe/1VVOPvY/VL96dn HNuYCr5K9OwHTOIXR1NcOTl7X5lfT9Qm6pBf2f0GPdMcnsGpvxtWKWD1HjB9A/XndrWBjOqNSRl2ZSWUXwqeIYgxJTPJ9zyKLJSwjx/tKHOMUZ5FnJaEMK6PNUi USaobwLZTkJ3XGipQ=</latexit><latexit sha1_base64="WHfELPFOXXF9dSAf1pKtDwGhKxI=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtFTeWGxEUV0U3Ln3VFmopSRx1ME1Ckha0+ANuXKq4UhARP8ONP+DCT1CXCm5ceJsGRIt6Q+aeOXPPnTMzumNKzyd6jCht7R2dXdHuW E9vX388MTC44dlV1xA5wzZtt6BrnjClJXK+9E1RcFyhVXRT5PW9xcZ6viZcT9rWur/viFJF27HktjQ0n6ncFGVILSdSnIIYbwVqCFIIY9lOXGMTW7BhoIoKBCz4 jE1o8PgrQgXBYa6EOnMuIxmsCxwixtoqVwmu0Jjd43GHZ8WQtXje6OkFaoN3Mfl3WTmOND3QDb3SPd3SE3382qse9Gh42eesN7XCKcePRtbe/1VVOPvY/VL96dn HNuYCr5K9OwHTOIXR1NcOTl7X5lfT9Qm6pBf2f0GPdMcnsGpvxtWKWD1HjB9A/XndrWBjOqNSRl2ZSWUXwqeIYgxJTPJ9zyKLJSwjx/tKHOMUZ5FnJaEMK6PNUi USaobwLZTkJ3XGipQ=</latexit><latexit sha1_base64="WHfELPFOXXF9dSAf1pKtDwGhKxI=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtFTeWGxEUV0U3Ln3VFmopSRx1ME1Ckha0+ANuXKq4UhARP8ONP+DCT1CXCm5ceJsGRIt6Q+aeOXPPnTMzumNKzyd6jCht7R2dXdHuW E9vX388MTC44dlV1xA5wzZtt6BrnjClJXK+9E1RcFyhVXRT5PW9xcZ6viZcT9rWur/viFJF27HktjQ0n6ncFGVILSdSnIIYbwVqCFIIY9lOXGMTW7BhoIoKBCz4 jE1o8PgrQgXBYa6EOnMuIxmsCxwixtoqVwmu0Jjd43GHZ8WQtXje6OkFaoN3Mfl3WTmOND3QDb3SPd3SE3382qse9Gh42eesN7XCKcePRtbe/1VVOPvY/VL96dn HNuYCr5K9OwHTOIXR1NcOTl7X5lfT9Qm6pBf2f0GPdMcnsGpvxtWKWD1HjB9A/XndrWBjOqNSRl2ZSWUXwqeIYgxJTPJ9zyKLJSwjx/tKHOMUZ5FnJaEMK6PNUi USaobwLZTkJ3XGipQ=</latexit>
 0.02
<latexit sha1_base64="i3RfOTMwK4t1LD1YLjGE3hzE1wA=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtihvLjQiKq6Ibl/VRLdRSkjjqYJqEJC3U4g+4caniSkFE/Aw3/oALP0FdKrhx4W0aEC3qDZl75sw9d87M6I4pPZ/oMaK0tXd0dkW7Y z29ff3xxMDghmdXXEPkDNu03byuecKUlsj50jdF3nGFVtZNsanvLzXWN6vC9aRtrfs1RxTL2q4ld6Sh+UzlpilNM6VEilMQ461ADUEKYWTtxDW2sA0bBiooQ8CC z9iEBo+/AlQQHOaKqDPnMpLBusAhYqytcJXgCo3ZfR53eVYIWYvnjZ5eoDZ4F5N/l5XjmKAHuqFXuqdbeqKPX3vVgx4NLzXOelMrnFL8aGTt/V9VmbOPvS/Vn55 97GA+8CrZuxMwjVMYTX314OR1bWF1oj5Jl/TC/i/oke74BFb1zbhaEavniPEDqD+vuxVszKRVSqsrs6nMYvgUUYwhiSm+7zlksIwscryvxDFOcRZ5VhLKsDLaLF UioWYI30JJfgJ3xoqV</latexit><latexit sha1_base64="i3RfOTMwK4t1LD1YLjGE3hzE1wA=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtihvLjQiKq6Ibl/VRLdRSkjjqYJqEJC3U4g+4caniSkFE/Aw3/oALP0FdKrhx4W0aEC3qDZl75sw9d87M6I4pPZ/oMaK0tXd0dkW7Y z29ff3xxMDghmdXXEPkDNu03byuecKUlsj50jdF3nGFVtZNsanvLzXWN6vC9aRtrfs1RxTL2q4ld6Sh+UzlpilNM6VEilMQ461ADUEKYWTtxDW2sA0bBiooQ8CC z9iEBo+/AlQQHOaKqDPnMpLBusAhYqytcJXgCo3ZfR53eVYIWYvnjZ5eoDZ4F5N/l5XjmKAHuqFXuqdbeqKPX3vVgx4NLzXOelMrnFL8aGTt/V9VmbOPvS/Vn55 97GA+8CrZuxMwjVMYTX314OR1bWF1oj5Jl/TC/i/oke74BFb1zbhaEavniPEDqD+vuxVszKRVSqsrs6nMYvgUUYwhiSm+7zlksIwscryvxDFOcRZ5VhLKsDLaLF UioWYI30JJfgJ3xoqV</latexit><latexit sha1_base64="i3RfOTMwK4t1LD1YLjGE3hzE1wA=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtihvLjQiKq6Ibl/VRLdRSkjjqYJqEJC3U4g+4caniSkFE/Aw3/oALP0FdKrhx4W0aEC3qDZl75sw9d87M6I4pPZ/oMaK0tXd0dkW7Y z29ff3xxMDghmdXXEPkDNu03byuecKUlsj50jdF3nGFVtZNsanvLzXWN6vC9aRtrfs1RxTL2q4ld6Sh+UzlpilNM6VEilMQ461ADUEKYWTtxDW2sA0bBiooQ8CC z9iEBo+/AlQQHOaKqDPnMpLBusAhYqytcJXgCo3ZfR53eVYIWYvnjZ5eoDZ4F5N/l5XjmKAHuqFXuqdbeqKPX3vVgx4NLzXOelMrnFL8aGTt/V9VmbOPvS/Vn55 97GA+8CrZuxMwjVMYTX314OR1bWF1oj5Jl/TC/i/oke74BFb1zbhaEavniPEDqD+vuxVszKRVSqsrs6nMYvgUUYwhiSm+7zlksIwscryvxDFOcRZ5VhLKsDLaLF UioWYI30JJfgJ3xoqV</latexit><latexit sha1_base64="i3RfOTMwK4t1LD1YLjGE3hzE1wA=">AAACaHichV HLSsNAFD2Nr1ofrbpQcSMtihvLjQiKq6Ibl/VRLdRSkjjqYJqEJC3U4g+4caniSkFE/Aw3/oALP0FdKrhx4W0aEC3qDZl75sw9d87M6I4pPZ/oMaK0tXd0dkW7Y z29ff3xxMDghmdXXEPkDNu03byuecKUlsj50jdF3nGFVtZNsanvLzXWN6vC9aRtrfs1RxTL2q4ld6Sh+UzlpilNM6VEilMQ461ADUEKYWTtxDW2sA0bBiooQ8CC z9iEBo+/AlQQHOaKqDPnMpLBusAhYqytcJXgCo3ZfR53eVYIWYvnjZ5eoDZ4F5N/l5XjmKAHuqFXuqdbeqKPX3vVgx4NLzXOelMrnFL8aGTt/V9VmbOPvS/Vn55 97GA+8CrZuxMwjVMYTX314OR1bWF1oj5Jl/TC/i/oke74BFb1zbhaEavniPEDqD+vuxVszKRVSqsrs6nMYvgUUYwhiSm+7zlksIwscryvxDFOcRZ5VhLKsDLaLF UioWYI30JJfgJ3xoqV</latexit>
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Figure 2. The distributions of intensity (top row), linear polarization (middle) and circular polarization (bottom) in the face-on view
to the dusty slab. The four columns of panels represent the results for (a) 0.1 µm, (b) 0.3 µm, (c) 1.0 µm, and (d) the MRN mixture.
In the top panels, we plot the intensity ratio of the scattered light to the stellar direct light (I∗). In the middle panels, the directions of
polarization are also shown by bars.
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Figure 3. The absolute value of CP degree along the 45◦ di-
rection in the observation maps. Blue, red, green and black lines
correspond to the cases at ad = 0.1, 0.3, 1.0 µm and the MRN
mixture. The solid and dashed lines represent V/I > 0 or V/I < 0
cases, respectively.
Note that, however, the growth rate and size distributions
of dust grains are still under debate, because they are sensi-
tive to physical conditions in molecular clouds that are not
understood well.
The distributions and degrees of CP are closely linked
with the Mu¨ller matrix. In particular, S41 component pro-
duces the CP from non-polarized light, and mainly deter-
mines the pattern of CP as shown in Figure 2 (e.g., Gledhill
& McCall 2000). In Figure 4, we show the distributions of
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ad = 1.0 µm
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ad = 0.3 µm
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Figure 4. The distributions of S41/S11 in the scattering plane of
(φ, θ) for the cases with ad = 1.0, 0.3 and 0.1 µm.
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Figure 5. Same as Figure 3, but for the cases where the slab
center is at l = 0.1 (dot), 0.0 (solid) and −0.1 pc (dot-dashed,
respectively) at ad = 1.0 µm.
S41/S11 against scattering angles for the cases that the open-
ing is Θ = 45◦. In this study, we assume oblate dust grains,
and thus the phase function of each component of the Mu¨ller
matrix becomes antisymmetric to φ with respect to the cen-
ter φ = 180◦. In the case of ad = 0.1 µm, the S41 component
is estimated based on the Rayleigh approximation as (e.g.,
Gledhill & McCall 2000; Tazaki et al. 2017)
S41 ∝
(
α1α
∗
3 − α∗1α3
)
sin θ sin φ sin 2Θ. (5)
Therefore, S41/S11 is symmetric to θ with respect to the
center θ = 90◦. In this case, the CP becomes maximum if
the scattering angle is (θ, φ) = (90◦, 90◦). In addition, S41
becomes maximum for Θ = 45◦ or 135◦. This reflects the
angular distributions of CP as in Figure 2.
As the grain size increases, the distributions of S41 be-
come different from equation (5). With ad = 1.0 µm, the
peak value of S41/S11 is around unity, and much larger than
that for 0.1 µm grains, and the distributions in the phase
space are obviously different. In particular, the sign is in-
verse around (θ, φ) = (90◦, 90◦). These differences result in
the different CP distributions between the cases for small
and large dust grains as shown in Figure 2. For the MRN
model, the pattern of the sign is similar to that for 1.0 µm
dust grains. In the Rayleigh approximation, the scattering
coefficient is proportional to the grain size with the depen-
dence of a4d. The abundance of dust grains is given as ∝ a−3.5d
in the MRN mixture. By multiplying the scattering coeffi-
cient of the geometrical cross section (pia2d) and the MRN
size distribution (∝ a−3.5d ), the scattering optical depth per
a specific grain size bin is estimated as dτ/dad ∝ a2.5d . There-
fore, in the MRN model, the contribution of the larger dust
grains (∼ 1 µm) is dominant for the scattering process.
The distributions of dusty gas around a massive star
have not been understood well because of the complicated
stellar feedback (e.g., Zinnecker & Yorke 2007; Fukushima
et al. 2018). Therefore, we here investigate the impact of
the configuration of dusty slabs on the CP map. In the
phase distributions of S41/S11 for ad = 1.0 µm, the maxi-
mum value appears at 90◦ . θ . 135◦, corresponding to
the back-scattering. It means that the CP degree increases
if dust grains are located behind the radiation source. Fig-
ure 5 shows the CP degrees in the cases that the dusty slab
is shifted from the star to forward or backward by 0.1 pc.
As expected from Figure 4, the CP degree becomes larger
if the slab is behind the radiation source. For that case,
the maximum of the CP degree reaches 60 percent. On the
other hand, it is lower if the slab is in front of the radiation
source, and it becomes ∼ 30 percent. In the forward scat-
tering, the component of S41/S11 becomes smaller, because
there are photons with different signs of the CP. Therefore,
we realize that the CP degrees change by a factor of 2 − 3
depending on the configuration between a star and a dusty
slab. Recent theoretical works suggest that the stellar feed-
back works anisotropically (e.g., Geen et al. 2017; Kim et al.
2018). Hence, if the dusty gas along a line of sight is attenu-
ated due to the feedback, we observe mostly back-scattered
photons, which produce higher CP as shown in our simula-
tions.
4 CONCLUSIONS AND DISCUSSION
We have explored the generation of CP at the wave-
length of 2.14 µm in star-forming regions using three-
dimensional radiative transfer simulations. Assuming a
dusty gas slab composed of aligned oblate grains, we have
successfully reproduced the quadrupole patterns of CP,
which is similar to the observed CP maps (Fukue et al.
2010). We have found that the distributions and degrees
of CP sensitively depend on the size of dust grains. The CP
degree shows |V |/I ∼ 1 percent for a grain size of ad = 0.1 µm
and |V |/I ∼ 40 percent for ad = 1.0 µm. This can explain the
observed variety of CP maps (Kwon et al. 2014). In previ-
ous works, the dichroic extinction model was suggested to
produce the observed high degree of CP (Kwon et al. 2013).
In that model, multiple scattering processes on several dust
screens/clouds are requisite. In this Letter, we have demon-
strated that a single scattering can produce the high degree
of CP, if micron-size grains are dominant in a dusty gas wall.
Recent observations show that the CP positively corre-
lates with the luminosity of the central YSOs (Kwon et al.
2014). High-mass YSOs are likely to form in massive high-
pressure cores in molecular clouds (e.g., McKee & Tan 2003),
where the growth rate of dust size can be enhanced (Spitzer
1978; Asano et al. 2013). Therefore, we suggest that the
observed correlation may be linked to the grain size distri-
butions around the massive YSOs, although the growth rate
of dust grains is still under the debate quantitatively.
In this study, we have also found that the CP degree
is subject to the configuration between a star and a dusty
slab. If a dusty slab is located behind the star, the CP degree
becomes higher by a factor of 2−3 compared to a slab in front
of a star. Although we assumed a simple slab model in this
study, the actual configuration is related to the evolution of
the star-forming clouds. The directions of the minor axis of
dust grains depend on the streaming of gas, magnetic, and
radiation field (Andersson et al. 2015). Thus, to model the
CP more precisely, we need to conduct magneto-radiation
hydrodynamics simulations in star-forming clouds.
In this work, we have considered the contribution of the
silicate dust grains alone, but there are graphite ones in the
MNRAS 000, 1–6 (2019)
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interstellar medium. The dielectric functions at the infrared
wavelength are different between silicate and graphite grains
(Draine 2003a), and thus the CP degree can change with the
composition of dust grains. Besides, the bare silicate may not
grow up to the micron size solely by coagulation (Hirashita
& Li 2013). The micron-size dust grains must contain buffers
such as water ice. We will investigate the dependence of the
CP degrees on the composition of dust grains in the future
works.
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